Purpose: To systematically review the literature related to bone health in older adults with type 2 diabetes mellitus (T2DM). Methods: We conducted a systematic review of the literature from January 2005 until February 2010, using keywords related to T2DM and bone-health imaging technology in older adults (aged b60 years) to search PubMed, OVID MEDLINE, Ageline, CINAHL, Embase, and PsycINFO. Results: We found a total of 13 studies that met the inclusion criteria for this review. The majority of the studies used dual X-ray absorptiometry (DXA) and showed either higher or similar areal bone mineral density (aBMD) for older adults with T2DM relative to healthy controls. Studies using more advanced imaging suggested that there may be differences in bone geometry between older adults with and without T2DM. Conclusions: Older adults with T2DM have similar or higher aBMD at the hip relative to older adults without T2DM, despite previous literature reporting an increased risk of low-trauma fractures. Recent studies with advanced imaging have suggested that there may be differences in bone geometry between older adults with T2DM and those without. Health professionals, especially physiotherapists, should be aware of the increased risk and include assessment of fall risk factors and exercise prescription for fall prevention for older adults with T2DM.
INTRODUCTION
Adults with type 2 diabetes mellitus (T2DM) are at increased risk for low-trauma hip fracture 1,2 (from a fall at standing height or less 3 ), which can have serious health consequences and places significant strain on the health care system. 4 In Canada, 964,074 adults 65 years of age and older have diabetes, and of these approximately 90% have T2DM. 5 Because physiotherapists manage health-related concerns for older adults with T2DM, including providing exercise testing and prescription, 6 it is essential for them to understand the complications that older adults with T2DM may experience, including an increased risk of hip fracture. 1, 2 The underlying mechanism for the increased fracture risk in T2DM has not been determined; postulated underlying mechanisms include changes in bone mass or bone quality and increased risk of falls. 7 It is therefore important to investigate mechanisms in order to develop effective screening strategies and preventive measures. As physiotherapists are trained to treat older adults with low bone mass (including osteoporosis) and those with a high risk of hip fractures, 8 they have an ideal opportunity to implement prevention strategies.
The increase in fracture risk for older adults with T2DM has been investigated by looking at bone health using areal bone mineral density (aBMD) from dual Xray absorpiometry (DXA), commonly used in diagnosing osteoporosis. 3 A previous systematic review in this area 1 found higher aBMD in people with T2DM than in people without T2DM, as measured by DXA. Although the majority of studies have shown higher aBMD, there have been some discrepancies in the findings that could be attributed to differences in body mass index (BMI), disease duration, gender, and comorbidities. In addition, aBMD is limited by its two-dimensional nature, which may be influenced by body size and composition, and is unable to distinguish between cortical and trabecular bone compartments. 9 There may be differences in bone geometry that cannot be seen by DXA but that contribute to the increased risk of hip fracture. Advances in bone-imaging technology such as quantitative computed tomography (QCT) and peripheral QCT (pQCT) can distinguish bone compartments and estimate bone strength-a measure of the load or stress that a bone can take before breaking. 10 These advanced imaging technologies may thus allow for better understanding of differences in bone related to T2DM.
The finding of higher or similar aBMD in older adults with T2DM relative to the general age-matched population seems contradictory to the increased risk of hip fracture, and this suggests possible underlying causes. First, fractures occur as a result of impaired bone health and increased fall risk, 11 and previous studies have suggested that older adults with T2DM have an elevated fall risk. 12 Second, previous studies using other bone-health indicators (such as bone turnover markers), as well as animal studies, have suggested that the T2DM disease process may have a negative impact on bone. [13] [14] [15] For example, the increased blood-glucose levels and impaired glycemic control caused by T2DM have been associated with an increased accumulation of advanced glycation end products (AGEs) in bone collagen 16 and impaired calcium deposition and mineralization, 17 which are thought to affect bone strength.
The objective of this systematic review, therefore, was to compare bone health (e.g., bone mineral density, geometry) in older adults (aged b60 years) with and without T2DM by updating the literature and including studies that used advanced bone-imaging technology to provide a better understanding of bone health in older adults with T2DM.
METHODS

Data Sources and Search
The objective of this systematic review was to investigate the bone health of older adults with T2DM using imaging. We searched the published peer-reviewed literature from January 2005 through February 4, 2010, using PubMed, Ovid MEDLINE, Ageline, CINAHL, Embase, and PsycINFO. We chose to start the search in 2005 in order to update and expand upon the work done by Vestergaard, who completed a systematic review in this area that included articles published before 2005. 1 We did not include articles prior to 2005 because this previous review 1 comprehensively assessed the literature on T2DM and aBMD. Instead, we extended Vestergaard's review by including all studies that investigated bone health for older adults with T2DM, using DXA as well as other modalities such as QCT, pQCT, high-resolution pQCT (HR-pQCT), and quantitative ultrasound (QUS). We extended the previous search strategy by including more recent imaging (QCT, pQCT, HR-pQCT) that permits the three-dimensional assessment of bone; we also searched the reference lists of articles included for fulltext review, electronically searched key journals ( Journal of Bone and Mineral Research, Osteoporosis International, Journal of Bone and Joint Surgery, and Diabetes and Diabetes Care), and searched for articles that cited the included articles using the Web of Science. To ensure that pre-2005 articles using modalities other than DXA (including QCT, pQCT, HR-pQCT, and QUS) were not overlooked, we also performed an exploratory search of the databases listed above. This review was conducted in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines. 18 Our search strategy was [bone and bones (MeSH) or bone density (MeSH) or ''bone density'' or ''bone mineral density'' or ''bone geometry'' or ''bone quality'' or ''bone structure'' or ''bone mass'' or osteoporo* or pQCT or ''peripheral quantitative computed tomography'' or QCT or ''quantitative computed tomography'' or DXA or DEXA or ''dual energy X-ray absorptiometry'' or ultrasound or HR-pQCT or Xtreme CT ] AND [Type 2 Diabetes Mellitus (MeSH) or diabetes]. If the MeSH option was not available, we used the equivalent subject heading if available. We limited our search to English language, human studies, the years 2005-2010, and adults aged b60 years.
Study Selection
We included all studies that assessed BMD (aBMD by DXA or volumetric BMD (vBMD) by QCT, pQCT, or HR-pQCT) or other bone-imaging outcomes (e.g., estimates of bone strength, structure, quality, geometry) of the lower extremity in older adults (mean age b60 years) with T2DM and compared the results with a healthy control group. We did not include any studies that reported bone-turnover markers only or in which the population was selected based on the presence of complications associated with increased fracture risk. Only studies not included in the previous systematic review 1 were included in our study. All articles retrieved from the search were first reviewed independently for relevance by two reviewers (AMC, EG), based on title and abstract. Articles that were not included were assigned a reason for exclusion (not relevant, population not older adults, no healthy control group, etc.). Articles obtained for full-text review were assessed independently by two reviewers (AMC, EG), and inclusion in the review was then decided by consensus. A third reviewer (MCA) resolved any discrepancies that arose.
Data Extraction and Quality Assessment
Data were extracted independently for all included articles by two reviewers (AMC, EG) and then checked by a third reviewer (MCA). Discrepancies were resolved through discussion among all three reviewers. Only published results were used, and the outcomes reported were extracted as stated in the articles; we used baseline data for prospective studies. We extracted data on the population; diabetes duration; haemoglobin A 1C level (HbA 1C ), a measure that reflects glycemic control over the preceding months (HbA 1c < 7% is considered to indicate good glycemic control); 19 and bone-imaging outcomes. We also looked within each study for variables that could potentially have an impact on bone health and consequently bias the outcome; we report adjusted results when available, and whether they were adjusted for age and BMI. Note that the models may have adjusted for other variables that were not included and are beyond the scope of this review.
The methodological quality of all included articles was assessed using a checklist modified from the Newcastle-Ottawa Quality Assessment Scale (NOS). 20, 21 The checklist included items evaluating the representativeness of the study group, selection of the comparison group, ascertainment of exposure, comparability of cohorts on the basis of the design or analysis, and assessment of outcome. We did not include questions related to follow-up of cohort studies (demonstration that outcome of interest was not present at start of study, follow-up was long enough for outcomes to occur, and follow-up of cohorts was adequate). Items were given a score of 0 or 1, except for the comparability of cohorts, where there was a possibility of 0, 1, or 2, and the scores were summed to produce an overall quality score (/6). Two reviewers (AMC, EG) independently rated the quality of the studies and then came to a consensus on the final score for each one. A third reviewer (MCA) resolved any discrepancies that arose.
Statistical Analysis
We calculated the consistency between reviewers for the quality assessment. Kappa values were calculated for interrater reliability for each of the five checklist items. Intra-class correlation coefficients (ICC) were calculated for overall score rating between the two reviewers for each article included in the systematic review. We used Stata Software, version 11 (StataCorp, College Station, TX), to calculate reliability statistics.
We proposed to pool results from single studies by meta-analysis where this was found to be both clinically and statistically appropriate. Pooled estimates of effect were provided if there were at least three studies assessing identical bone-imaging outcome measures in the same anatomical site and if statistical heterogeneity (defined as p < 0.10 and I 2 > 75% 22 ) was not present. Statistical heterogeneity was assessed using the w 2 test and the I 2 statistic. Since our outcome variables were continuous and were measured on the same scale across studies, we proposed to use the mean difference between the outcome variables for older adults with and without T2DM to calculate summary statistics of effect and 95% confidence intervals, where appropriate. 22 We used Comprehensive Meta-Analysis Software, version 2.2.050 (Biostat, Englewood, NJ), to create forest plots.
RESULTS
The search strategy retrieved a total of 1,526 studies; of these, 13 were included in this review (see Figure 1 ). As mentioned above, this study is an update of a previous systematic review by Vestergaard; 1 since the previous search was limited to studies that used DXA, we performed an exploratory search for articles published before 2005 that used other modalities such as QCT, pQCT, HR-pQCT, and QUS, but this search yielded no new articles that were determined to be relevant to the current systematic review. As a result, only the 13 studies yielded by the initial search were considered relevant for inclusion: six that investigated the bone health of women, two that investigated the bone health of men, and five that included both men and women. The mean age of study participants ranged from 62 to 77 years for older adults with T2DM and from 60 to 77 years for control groups. The duration of T2DM reported ranged from 6.5 to 13.5 years, and BMI ranged from 22.9 to 33.1 kg/m 2 for older adults with T2DM and from 22.0 to 33.6 kg/m 2 for control groups. Demographic information was extracted only for those participants with boneimaging data. The majority of these studies used DXA to compare the bone health of older adults with and without T2DM; there were two studies that used QUS, one that used pQCT, and one that used QCT. Eight of the studies were cross-sectional, four were prospective cohorts, and one was a retrospective cohort; only baseline data are presented for cohort studies. The studies included were from Turkey, the United States, Croatia, China, Spain, Australia, and Japan and included different ethnic groups (see Table 1 ).
As noted above, the quality of the studies was rated using the modified NOS checklist, for a total score out of 6. The consistency between raters for individual questions was 0.83 for item 1, 0.76 for item 2, 0.69 for item 3, 0.40 for item 4, and 1.0 for item 5 (ICC ¼ 0.773, p < 0.001). The quality scores for the included articles ranged from 1 to 6, with a median score of 4.
Eleven of the included studies used DXA to determine aBMD (T2DM n ¼ 4813, control n ¼ 12693) [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] at either the total hip or the femoral neck site. Of these DXA studies, seven controlled for age 23, 27, [29] [30] [31] [32] [33] and four for BMI. 23, 29, 30, 32 Women with T2DM had a significantly higher aBMD at the total hip in five studies, 25, 29, [31] [32] [33] of which two controlled for age 31, 33 and two controlled for both age and BMI; 23, 29 two studies showed no significant difference, 23, 27 both of which controlled for age and one of which also controlled for BMI. 23 Femoral neck aBMD was significantly higher for older women with T2DM in four studies, 24, 26, 29, 32 two of which controlled for both age and BMI. 29, 32 Femoral neck aBMD did not show a significant difference in three studies, 23, 27, 28 of which two controlled for age 27, 28 and one controlled for both age and BMI. 23 For men, aBMD at the total hip site did not differ significantly between those with T2DM and healthy controls in two studies 32, 33 (one of which controlled for age and BMI, 33 while the other controlled for age only 32 ) and was significantly lower for those with T2DM in one study, which controlled for age. 31 Areal BMD at the femoral neck was significantly higher for men with T2DM in one study, 24 which did not adjust for age or BMI; was not significantly different in another study, 32 which adjusted for both age and BMI; and was significantly lower in a third study, 30 which adjusted for both age and BMI. The DXA results are displayed in separate forest plots for women ( Figure 2 ) and men ( Figure 3 ). We were unable to combine these results by meta-analysis because there was significant heterogeneity between the studies (I 2 > 75%). No other summary of effects could be calculated for the studies that used advanced imaging, as there were too few such studies available. Two studies used QUS 28, 29 ; both investigated women only (T2DM n ¼ 187, control n ¼ 177). Sosa et al. 28 investigated the calcaneus, while Tao et al. 29 investigated bone health at the midshaft tibia. No significant differences were found in the speed of sound (SOS) at the calcaneus or the midshaft tibia, regardless of whether variables such as age and BMI were controlled for 29 or not. 28 Quantitative CT was used in one study, 34 which assessed aBMD and cortical vBMD at the femoral neck of both men and women (T2DM n ¼ 49, control n ¼ 49); participants were age matched, and the results were adjusted for BMI. Women with T2DM had higher aBMD and vBMD than controls, but there were no significant differences between men with and without T2DM. When the results were combined for men and women, this study found a higher vBMD, aBMD, and cortical vBMD for persons with T2DM. There were no significant differences between groups in the load-to-strength ratio, which is the relationship between the load that is encountered with a fall at the hip and the estimated strength of the bone (as the ratio increases, fracture risk also rises).
Peripheral QCT of the distal and proximal tibia was used in one study of men only (T2DM n ¼ 190, control n ¼ 981). 35 This study found a significantly higher total vBMD, trabecular vBMD, and bone strength index (BSI) in participants with T2DM at the distal end of the tibia (4% site) after adjusting for age, race, and tibia length. When body weight was also accounted for, however, the only significant finding was a lower total cross-sectional area for men with T2DM. At the midshaft tibia (66% site), men with T2DM had significantly lower total area and section modulus (an estimate of bone strength) only after adjusting for age, race, tibial length, and body weight.
DISCUSSION
The present systematic review found that studies using DXA observed higher or similar aBMD for older adults with T2DM relative to controls, and that there is limited evidence to suggest that there may be differences in the bone geometry of older adults with T2DM that may not be captured by DXA. DXA provides a global view of bone health but is limited in its ability to sepa- rate bone compartments and estimate bone strength. The majority of studies included in this review used DXA to investigate bone health, and all but one 30 showed either no significant difference or higher aBMD for older adults with T2DM. This finding is consistent with those of previous reviews. 1,36 Vestergaard 1 found a significantly higher hip aBMD for individuals with T2DM; 13 of the included articles looked specifically at older adults, and these studies were consistent with this trend. [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] In our review, the two studies using QUS 28, 29 showed no significant differences between older adults with T2DM and healthy controls; however, studies using advanced imaging (pQCT and QCT) showed mixed findings for older adults with T2DM, suggesting that there may be changes in bone geometry. 34, 35 Although further research with advanced imaging is needed to determine what mechanism is at work, the previously reported increased risk of fracture among individuals with T2DM 1,2 is not congruent with the DXA results documented in this review, which suggests that DXA results alone may not provide enough information to determine fracture risk for older adults with T2DM. This finding may have important clinical implications for health care professionals and is especially noteworthy for physiotherapists who may be involved in the care of older adults with T2DM and/or work in the area of fall and fracture prevention.
The bone health of older adults with T2DM may be influenced by many factors; for example, BMI was found to be a major determinant of aBMD for T2DM. 1 Shan et al. 27 performed an analysis with sub-groups based on BMI classifications (underweight, normal weight, and overweight/obese) and found that among individuals with T2DM, those who were obese had the highest aBMD, while those who were underweight had the lowest aBMD of all groups, relative to healthy controls. However, there is some evidence to suggest that body mass may affect the accuracy of DXA scan images; in particular, increased BMI may lead to overestimation of aBMD. 50 Because over 65% of adults with T2DM have metabolic syndrome, 51 which is characterized by abdominal obesity, this possibility should be considered when interpreting the results of DXA scan images. Only four of the DXA studies reviewed here controlled for BMI, 23, 29, 30, 32 and all but one 30 showed a similar trend of higher or similar aBMD in older adults with T2DM. Body size was also controlled for in the QCT 34 and pQCT 35 studies. Petit et al. performed two linear regression models, one with and one without adjustment for body size; results differed between the two models. 35 Among studies that did not control for BMI, three found significant differences in BMI between control and T2DM groups; in all three studies, T2DM groups had a higher BMI. 24, 31, 33 However, three other studies produced mixed results: Broussard and Magnus 31 found higher aBMD in the T2DM group; Register et al. 33 reported higher aBMD for women with T2DM, but no significant difference for men; and Yamamoto et al. 24 found higher aBMD in older adults with T2DM. The discrepancy in results between studies done with DXA and those using pQCT or QCT may be due to the resolution of the imaging and to the fact that pQCT and QCT are able to distinguish between bone compartments and to estimate bone strength.
There are many other variables that may affect aBMD in older adults with T2DM, including the severity, duration, and management of the disease. For example, Vestergaard's systematic review found that diabetes duration was a significant predictor of aBMD, while age and HbA 1C levels were not. 1 Disease severity is proposed to affect bone and HbA 1C levels, although Vestergaard's review did not show a significant association between HbA 1C and either aBMD or fracture risk. 1 Disease duration may also have an effect on hip-fracture risk, 52 possibly because of the prolonged effects of impaired glycemic control; the earlier review found disease duration to be a significant predictor of aBMD. 1 In the present review, seven studies reported HbA 1C levels, 23, 24, 28, 29, [32] [33] [34] of which four performed additional analysis to determine the impact of HbA 1C level on aBMD 23, 29, 32, 33 ; two studies 32, 33 found a negative association between aBMD and HbA 1C . Seven of the included studies reported diabetes duration, 23, 24, 27, 29, [32] [33] [34] of which five did a further analysis to determine the impact of diabetes duration on aBMD. 23, 27, 29, 32, 33 Only one study found a significant negative association between duration of disease and aBMD at the total hip and femoral neck. 23 Management of T2DM can include diet and lifestyle modifications, oral anti-diabetic medication, and/or insulin; although medications may influence bone health in T2DM, participants' medications were not consistently reported in the included studies, and this factor is beyond the scope of the present review.
Gender is also an important factor when comparing bone health, and all studies included in this review completed separate analyses for men and women. Women, in general, have higher rates of fracture and lower aBMD than men. This is hypothesized to be the result of men's having larger bones (as a result of differences in sex-hormone production), which increases bending strength. 53 For women, all studies included in this review showed either a higher or a similar aBMD in individuals with T2DM relative to those without T2DM. All but one study 30 included in our review showed either a higher or a similar aBMD for older men with T2DM relative to older men without T2DM; fewer studies have investigated the bone health of men with T2DM. Petit et al. 35 suggested that for men, there may be differences in bone geometry related to the presence of T2DM; they observed decreased total bone area and section modulus in the tibia after adjusting for body size. 35 The other study to use advanced imaging was by Melton et al., 34 who investigated both men and women and found no significant differences for men and higher cortical vBMD for women with T2DM relative to healthy controls.
Ethnicity should also be considered when assessing bone health. In the United States, according to populationlevel data, osteoporosis is more prevalent among white women 54 and men. 55 Araujo et al. reported higher aBMD in black men than in white and Hispanic men; 56 Asian adults have lower aBMD than white adults, and this is thought to be due to their smaller body size. 57 In the present review, only three studies reported the ethnicity of participants 31, 33, 35 ; all were from the United States, and all but Petit et al.'s 35 study found a significantly lower proportion of white older adults in the T2DM group. Broussard and Magnus 31 was the only study to control for ethnicity in their analyses; these authors found that it was not significantly associated with low aBMD. The Health, Aging, and Body Composition (Health ABC) Study compared aBMD in older adults with T2DM between white and black men and women; they found ethnicity to be a significant predictor of total hip aBMD and found that black men with T2DM had the highest aBMD. 58 Evidence for changes in bone microstructure 34,35 associated with T2DM is found in a number of animal studies. [13] [14] [15] Moreover, research suggests that hyperglycemia associated with T2DM can alter bone turnover 59 and may impair vitamin D and calcium metabolism 17which can also affect the integrity of bone for older adults with T2DM. Other factors that can affect bone quality include advanced glycation end products (AGEs), which result in changes to bone collagen. 16, 60 Although bone health is a key component of fracture risk, the contribution of falls should also be considered. Studies have shown that older adults with T2DM are at increased risk of falling. 12, 25, 61 Diabetic complications such as neuropathy and neuromuscular impairment, retinopathy, foot problems, cognitive decline, and multiple medications contribute to this increased risk of falls. 7, 62 Despite this increased risk, however, the literature highlights the fact that the higher risk of fractures remains even after the increased fall risk has been accounted for. 25 Regardless of the mechanism of increased fracture risk, assessing fall risk, promoting exercise, and reducing sedentary behaviour are important for older adults in general, and especially for those with T2DM. Exercise is important for fall prevention (through increasing muscle balance and strength), 63 bone health, 64 and cardiovascular health, 65 and it may help in managing and preventing related T2DM complications.
Limitations
We note several limitations of our review. First, we included only articles written in English. Second, we were limited by the available evidence on bone strength as estimated by advanced imaging (QCT and pQCT). We were also limited by the amount of heterogeneity among the studies, which prevented us from carrying out a meta-analysis on these data. Future research needs to collect and report sample demographics, which may have an impact on bone-imaging outcomes. In particular, BMI; ethnicity; and diabetes severity, duration, and management should be reported and investigated through sub-group analyses when possible. Lastly, this review included only studies that looked at bone health of the lower extremity; we chose this site specifically because it is clinically relevant to the hip. Although some studies looked only at the tibia, we note that the lower limb should have similar loading patterns as the hip.
Conclusion
The results of this study extend the existing knowledge on T2DM and bone health. Areal BMD measured by DXA has limitations, and future research of the bone health of older adults with T2DM should include advanced imaging to investigate bone at the microstructural level. In addition, other risk factors such as BMI and disease progression may influence bone health for older adults with T2DM. Because fracture risk is influenced by both bone health and fall risk, however, clinicians who work with this population should be aware of the potential risk factors and should develop effective strategies to determine the influence of underlying diabetic complications, especially on balance and strength. More prospective studies on fall risk factors and bone health in older adults with T2DM are needed.
